Abstract-In this paper, we present the progress made at SRON in the read-out of X-ray Transition Edge Sensor (TES) microcalorimeters under AC bias. The experiments reported so far, whose aim was to demonstrate an energy resolution of 2 eV at 6 keV with a TES acting as a modulator, were carried out at frequencies below 700 kHz using a standard flux locked loop SQUID read-out scheme. The TES read-out suffered from the use of suboptimal circuit components, large parasitic inductances, low quality factor resonators, and poor magnetic field shielding. We have developed a novel experimental set-up that allows us to test several read-out schemes in a single cryogenic run. In this set-up, the TES pixels from a GSFC array are coupled via superconducting transformers to 18 high-Q lithographic LC filters with resonant frequencies ranging between 2 and 5 MHz. The signal is amplified by a two-stage SQUID current sensor and baseband feedback is used to overcome the limited SQUID dynamic range. We measured an X-ray energy resolution of 3.6 eV at 1.4 MHz, which is consistent with the measured integrated Noise Equivalent Power.
I. INTRODUCTION
T RANSITION EDGE Sensors (TESs) are superconducting thin films voltage-biased in the resistive transition. TESbased microcalorimeter are very sensitive photon counting detector which can be used for high resolution X-ray spectroscopy. For future X-ray space mission, to simultaneously measure a large pixel array, multiplexing read-out scheme is required.
SRON is developing the Frequency Domain Multiplexing (FDM) read-out with baseband feedback [1] , [2] . In the FDM scheme, TESs biased by modulated current, which much faster than thermal response (<100 kHz). The modulation should be above 100 kHz to avoid aliasing and crosstalk. Thus, wide bandwidth (∼MHz) is necessary for FDM scheme to read large pixel array. Previously, we reported the performance of single pixel TES X-ray calorimeter fabricated by Goddard Space Flight Center under AC bias at 700 kHz [3] . In those works we compared the performances of a TES calorimeter under AC and DC bias by measuring the IV characteristic, the noise spectrum and the X-ray energy resolution. For the 5.9 keV X-ray photons under identical measurement conditions, the energy resolutions were measured to be ΔE FWHM = 3.9 eV at 5.9 keV under AC and ΔE FWHM = 2.3 eV under DC. Same discrepancy was also observed in SRON pixel under AC bias at a frequency of 370 kHz [4] . In that case we measured an energy resolution ΔE FWHM = 2.7 eV and ΔE FWHM = 3.7 eV under DC and AC bias respectively, while the baseline resolution was 2.8 eV and 3.3 eV, respectively. In both GSFC/NASA and SRON case, the optimal working point under AC bias differ from the DC bias case.
We also investigated the magnetic field dependency of the TES performance by applying perpendicular magnetic field. The Noise Equivalent Power (NEP) show the Fraunhofer pattern as a function of the magnetic fields. The pattern is likely due to a result of the TES behaving as a weak-link [5] . In addition, under AC bias we observed a periodical dependency of the integrated NEP on the bias voltage. The energy resolution estimated from the NEP changes of factor 2-3 (ΔE NEP = 3 ∼ 9 eV) as a function of bias point. The origin of the discrepancy under AC and DC bias and of the oscillations of energy resolution were unclear. One possible explanation is that, in those experiments, the results of AC bias read-out suffered from sub-optimal measurement conditions such as large parasitic inductances, low quality factor of the LC resonator and a poor magnetic field shielding. We repeated the same experiment under AC bias with an improved set-up such as better magnetic shield, light tight environment, high-Q LC resonator and MHz read-out. In this paper we present the first results. Fig. 1 shows the assembly view and a picture of the experimental set-up. The TES calorimeter array used for the experiment was from NASA/GSFC [6] , [7] . The TES is a 150 μm square bilayer of Mo/Au with thickness of 35 nm and 100 nm, respectively. The Au/Bi absorber that was deposited with electroplated method. The TES has transition temperature of T c = 95 mK and normal state resistance of R N = 7 mΩ. The energy resolution of 1.8 eV at 5.9 keV was reported [8] .
II. MEASUREMENT SETUP
For the FDM read-out, we employed a low noise two-stage PTB SQUID array with on-chip pixel linearization. The SQUID amplifier was mounted inside the light-tight box (Fig. 2) . To obtain a sufficiently large linear dynamic range, the SQUID array operated in a flux-locked-loop (FLL) using commercial Magnicon electronics. The inductance of the SQUID input coil is L ∼ 3 nH and the input-feedback coil turns ratio of 6.21. The input current noise is ∼ 6 pA/ √ Hz at T < 1 K. For direct comparison of the performance of a single pixel TES calorimeter under DC and AC, we employed PTB MUX SQUID system [9] for the DC read-out. To match the impedance between the TES pixel and SQUID amplifier, we employed a superconducting flux transformer with different coupling ratio (1:2, 1:5, 1:8, 1:10) provided from VTT. The TES array is connected to the lithographic high-Q LC resonators (L = 400 nH and C ∼ 5 nF) developed at SRON [10] , [12] . The superconducting capacitor electrodes and all wiring layers consist of sputter deposited Nb with Ta protection. The capacitor dielectric layer is made from PECVD amorphous silicon (a-Si:H), and insulating layers in the planar coils and low inductance strip line wiring are sputtered SiO 2 .
The measurements were conducted in an Oxford Instruments dilution refrigerator. The basic configuration of measurement Fig. 3 . We connected 7 TES pixel to the high-Q LC resonators, with resonant frequencies of 1.4, 1.9, 2.9, 3.2, 3.6, 3.7, 4.0 MHz. In red and black lines, we show the resonances with the TES super and normal state, respectively. The Q-factor of the resonators at the TES superconducting state ranges from 300 to 3000, depending on the transformer coupling.
set-up is similar to bolometer case described in Section II and shown in Fig. 2 of [11] . The TES array, superconducting flux transformers and SQUID amplifier were mounted in the Nb light tight box (Fig. 2) . High magnetic field uniformity at the TES location achieved by superconducting Helmholtz coils. The coil was set to the both side of the TES array and produced a field of 0.225 mG/μA at the location of the TES.
In the above set-up, we confirmed that the basic properties (noise, saturation power and NEP) of low-G TES bolometer are in an agreement between AC (at 2 MHz) and DC readout. Thus, the experimental set-up is promising to achieve great performance in the TES X-ray calorimeter.
III. RESULTS
For the measurements described here we connected 7 TES calorimeters, to 7 LC filters with resonance frequencies of  1.4, 1.9, 2.9, 3.2, 3.6, 3.7, 4 .0 MHz, respectively. The TES calorimeters are connected to the superconducting transformers (coupling ratio: n = 2, 5, 8, 10). Fig. 3 show the resonator Here, we show the results based on AC bias at 1.4 MHz connected to high-n transformer (n = 10). To evaluate X-ray energy resolution, we are acquiring the energy histogram of the Kα complex at 5.9 keV of a 55 Fe X-ray source. The resulting spectrum is fitted with Gaussian-convolved Lorentzians to determine the energy resolution, considering the experimentally determined fine structure of the line shape including natural widths [13] .
At T bath = 40 mK, we measured X-ray energy resolution of ΔE = 3.6 ± 0.1 eV, which is consistent with the baseline resolution estimated from the integrated NEP. The integrated NEP spectrum and average pulse from Mn-Kα X-ray event (5.9 keV) are shown in Fig. 4 . Contrary to the previous results, the baseline and X-ray pulse resolution show a good agreement within the error. This indicates that an excess noise in the detector or in the read-out system limits the TES performance under AC bias (Table I) . The NEP level below 1 kHz is comparable to previous measurement [3] . The large noise under AC bias is possibly caused by the SQUID amplifier due to a sub-optimal coupling between the TES pixel and SQUID amplifier. For an coupling ratio of n = 10 transformer, the effective SQUID current noise transformed from 6 pA/ √ Hz to 60 pA/ √ Hz. Based on observed noise spectrum (typically∼ 110 pA/ √ Hz) [4] ), the excess SQUID noise level is only a factor of 2 lower than the TES noise and contribute to about 0.6 eV ( √ 110 2 − 60 2 /110 × 3.6 = 3.0 eV) energy resolution in this measurements. Other possible sources of the large noise is due to a strong magnetic filed dependence of the TES under AC bias [4] . In this configuration, we still measured strong magnetic field dependence in the TES performance, which already measured in same TES pixel [4] . This magnetic field dependence indicates the TES is acting as weak link [5] . To address this issue we need further investigation of the dependency on the magnetic field of the TES performance.
IV. CONCLUSION
We are currently studying the performance of 7 pixels under AC bias and 3 pixels under DC bias with optimized measurement set-up (magnet shielding, LC filters and light tight environment). We measured an X-ray pulse energy resolution of 3.6 eV under AC bias at 1.4 MHz. The baseline resolution estimated from integrated NEP was limited by a sub-optimal coupling between the TES pixel and SQUID array (transformer ratio) and magnetic field dependence.
